Key points•The extracellular matrix is a dynamic niche critical for liver homeostasis.•Proteomic approaches can document changes to the matrisome.•Changes to the hepatic matrisome occur well before fibrosis.•Fibrotic changes extend beyond collagens to the entire matrisome.•Proteomic analysis of the extracellular matrix may yield new surrogate/mechanistic biomarkers.

Introduction {#sec1}
============

The extracellular matrix (ECM) consists of a diverse range of components that work bidirectionally with surrounding cells to create a microenvironment that regulates cell and tissue homeostasis. The basic definition of the ECM comprises fibrillar proteins (*e.g.*, collagens, glycoproteins, and proteoglycans). This definition has more recently been extended to include ECM-affiliated proteins (*e.g.*, collagen-related proteins, transmembrane proteoglycans), ECM regulators and modifiers (*e.g.*, lysyl oxidases, transglutaminases, matrix metalloproteinases or MMPs) and secreted factors that bind to the ECM (*e.g.*, transforming growth factor-β \[TGFβ\], and other cytokines)[@bib1]; this broader definition has been termed the 'matrisome'.[@bib2] The ECM not only provides structure and support for the cells in a tissue, but also acts as a reservoir for growth factors and cytokines and as a signalling hub via which cells can communicate with their environment and vice-versa.[@bib3]^,^[@bib4]

Genetic mutations in ECM components can cause a myriad of connective tissue pathologies,[@bib5], [@bib6], [@bib7] if not embryonic lethality.[@bib8]^,^[@bib9] Alterations in the ECM composition and dysregulation of its functions have been associated with a plethora of diseases including cardiovascular diseases,[@bib10]^,^[@bib11] skin diseases,[@bib12] fibrosis,[@bib13] and cancers,[@bib14]^,^[@bib15] among others. The ECM can thus be viewed as a master regulator of tissue homeostasis and organ function. As such, it must be able to dynamically respond to any variations such as stress or injury. Subcutaneous wound healing is an excellent example of appropriate ECM changes in response to injury/stress; the orchestrated crosstalk between the coagulation cascade and the inflammatory response not only mediate wound closure, but also lay a provisional ECM for recovery and restitution[@bib16]; these molecular mechanisms in the skin are also at play in other organs, including the liver.[@bib17]

Failure to properly regulate 'wound healing' responses can lead to ECM changes that are maladaptive and eventually lead to fibrosis.[@bib18] For example, 'aging' of the ECM (*i.e.*, increased crosslinking) is hypothesized to contribute to dysfunction in several organ systems, including the liver.[@bib18], [@bib19], [@bib20], [@bib21] Hepatic fibrosis is a canonical example of ECM dyshomeostasis, leading to accumulation of fibrillar ECM, such as collagens. Although originally viewed as "end-stage liver disease," it is now understood that hepatic fibrosis is potentially reversible. This phenomenon was first identified in experimental models,[@bib22]^,^[@bib23] and later in human cohorts.[@bib24], [@bib25], [@bib26], [@bib27] The resolution of hepatic fibrosis is mediated not only by a decrease in the production of ECM, but also by an increase in the degradation of existing ECM by MMPs.[@bib28] Several key events have been identified that drive fibrosis resolution, such as stellate cell deactivation/apoptosis and changes to the inflammatory/wound healing response[@bib29]^,^[@bib30]; however, degradation of the accumulated ECM is a key (and by histologic definition, *the* key) response for fibrosis resolution.

Hepatic fibrosis is considered almost synonymous with collagen accumulation.[@bib13]^,^[@bib31] Given the robust collagen ECM deposition found in fibrosis and cirrhosis and the ease of visualizing this with histochemical stains (*e.g.* Masson\'s trichrome, picrosirius red; [Fig. 1](#fig1){ref-type="fig"}), this focus is not necessarily surprising. However, the qualitative and quantitative alterations of the hepatic ECM during fibrosis are much more diverse than simple accumulation of collagens.[@bib32], [@bib33], [@bib34], [@bib35] The roles of other ECM proteins in hepatic fibrosis progression are incompletely understood. Moreover, the expanded definition of the ECM to encompass non-fibrillar proteins found in that microenvironmental niche has not been fully explored in the context of liver diseases.[@bib36]^,^[@bib37] Yet, a deeper understanding of the roles of the ECM in liver diseases could yield new mechanistic insights into disease progression and regression, as well as potentially identify new biomarkers for both. In this review, we discuss the role of the ECM in liver diseases and look at new "omic" approaches to study this compartment.Fig. 1Macroscopic and microscopic depictions of normal and fibrotic mouse livers.Representative images depicting hepatic changes in ECM in mouse liver caused by experimental fibrosis ("Fibrotic" right panels) compared to naïve control livers ("Normal" left panels); fibrosis was induced by administering CCl~4~ (1 ml/kg i.p.; 2x/wk) for 4 weeks. (A) Macroscopic changes to Glisson\'s capsule during fibrosis (see Section [1](#sec1){ref-type="sec"}). (B) Collagen accumulation depicted by brightfield analysis of picrosirius red staining (10× magnification). (C) Collagen I (orange-red) and III (green) accumulation depicted by polarized light analysis of picrosirius red staining (10× magnification). (D) Collagen Iα1 accumulation depicted by immunofluorescent detection (20× magnification). CCl~4~, carbon tetrachloride; ECM, extracellular matrix.

Compartments of the hepatic ECM: the interstitium and the basement membrane {#sec2}
===========================================================================

In a normal liver section, the ECM comprises a relatively small portion of the overall area.[@bib38] The best characterised function of the ECM is that of providing support and structure to tissues. The hepatic ECM is comprised of proteins from both hepatic and extrahepatic (*e.g.*, the coagulation cascade) sources. Under basal conditions, almost all hepatocellular cells contribute to the ECM; hepatocytes, cholangiocytes and sinusoidal endothelial cells all synthesize components of the fibrillar ECM.[@bib39] Kupffer cells do not normally synthesize fibrillar ECM, but they do produce several secreted factors (*e.g.*, cytokines) that are associated with the ECM or alter ECM metabolism. Although it is unclear if hepatic stellate cells (HSCs) generate significant ECM during normal tissue homeostasis, activated HSCs transdifferentiate into a myofibroblast-like phenotype and generate ECM.[@bib40] Furthermore, other myofibroblast-like cells have been identified in the liver, such as fibrocytes and periportal fibroblasts.[@bib41], [@bib42], [@bib43], [@bib44] The amount and content of ECM components produced by these cells change in response to injury or stress.[@bib45]

In most tissues, there are 2 structurally distinct types of ECM: the interstitial ECM and the basement membrane.[@bib46] Interstitial ECM proteins (*e.g.*, fibronectins, elastin, and fibrillar collagens) form networks that provide support to the overall superstructure that shapes and encapsulates the organ.[@bib5] The hepatic interstitial ECM comprises the Glisson\'s capsule ([Fig. 1](#fig1){ref-type="fig"}A), which extends into sheaths around hepatic ducts, arteries and portal venules.[@bib47] Although poorly studied, it has been long known that Glisson\'s capsule thickens and gets 'rough' with liver disease[@bib48]^,^[@bib49] ([Fig. 1](#fig1){ref-type="fig"}A); indeed, more recent studies suggest that these changes may be tracked to determine overall hepatic fibrosis.[@bib50]^,^[@bib51] The basement membrane is usually defined as a thin, electron-dense sheet of ECM that is the foundation for epithelial and endothelial cells. The basement membrane is an ancient and specialised form of ECM that is found at the interface between cell layers and connective tissues and around a variety of cell types, including adipocytes, Schwann cells and myotubes.[@bib52] In most tissues, this dense layer is a true barrier between the epithelial/endothelial cells and the adjacent cell layers. In the liver, it is present around larger blood vessels but is mostly absent from the fenestrated endothelium that forms sinusoidal capillaries, although some ECM components can be found in the perisinusoidal space, the space of Disse ([Fig. 2](#fig2){ref-type="fig"}). The basement layer found in the space of Disse is, in contrast, much less dense and contains fenestrations.[@bib40] Although it possesses similar ECM proteins (*e.g.*, collagen type IV and laminin),[@bib53] this region acts more like a structural filter that facilitates bidirectional exchange of proteins and xenobiotics between the sinusoidal blood and hepatocytes. Although it is clear that the liver does not have a *basal lamina*, whether or not the ECM found in the space of Disse should be considered a basement membrane is the subject for a histological, rather than functional, debate.[@bib46]Fig. 2Hepatic ECM in the liver.In normal livers, the ECM comprises only a small portion of the total tissue area. The ECM of the hepatic sinusoid in the space of Disse is discontinuous and fenestrated. This contrasts with normal basement membranes that are continuous and are true barriers between the luminal space and the parenchymal cells, such as the interstitial space surrounding central veins. (A) Transmission electron micrograph depicting the difference between discontinuous ECM in the space of Disse with continuous ECM in the interstitial space between CV lumens and hepatic tissue. Image courtesy of D. Stolz, University of Pittsburgh Center for Biologic Imaging. (B) Schematic representation of the structure of the space of Disse. Parenchymal cells (hepatocytes) are separated from the sinusoidal lumen by the space of Disse and SECs. Location of other cell types, such as HSCs and Kø are also depicted. CV, central venule; ECM, extracellular matrix; HSCs, hepatic stellate cells; Kø, Kuppfer cells; SECs, sinusoidal endothelial cells.

Remodelling of the hepatic ECM in regeneration and diseases {#sec3}
===========================================================

ECM and liver regeneration {#sec3.1}
--------------------------

The capacity of the liver to regenerate in response to injury is unique among encapsulated organs in mammalian species. As the main detoxifying organ in the body, the liver is at increased risk of toxic injury. Due to its regenerative properties, however, the liver can be restored to full size, ensuring survival. The liver can fully regenerate within 7--10 days in experimental models (*e.g.*, mice).[@bib54] Although hepatocytes rarely proliferate in the healthy adult liver, virtually all surviving hepatocytes replicate at least once after 70% partial hepatectomy (PHx). Residual hepatocytes upregulate both proliferative and liver-specific gene expression in order to preserve tissue-specific function. In addition to hepatocyte proliferation, there is a tightly coordinated response to complement the regenerative process, so that the entire organ can be reconstituted within days. This complex and synchronized regenerative response in the liver can be perturbed and can thereby impact on normal tissue recovery from injury or damage. Indeed, it is now clear that impaired regeneration and/or restitution is critical to the chronicity of numerous hepatic diseases.[@bib55]

Liver regeneration is often discussed in the context of 3 phases: priming, proliferation, and growth termination. The ECM plays key roles in all 3 phases and is critical for normal and adaptive liver regeneration. The priming phase is characterised by activation of several proteases found in the ECM (*e.g.*, MMPs).[@bib56] These proteases not only break down the normal hepatic ultrastructure, which restricts proliferation, but also proteolytically release preformed growth initiation factors sequestered in the ECM (*e.g.*, interleukin-6 and tumour necrosis factor-α).[@bib57]^,^[@bib58] During the proliferation phase, hepatocytes divide in response to growth factors (*e.g.*, hepatocyte growth factor), which are also initially released via proteolytic activation in the matrisome.[@bib56]^,^[@bib59] This initial wave of proliferation forms avascular clusters of hepatocytes and non-parenchymal cells; continued proliferation is further supported by remodelling of the ECM to generate a new ultrastructure and to support angiogenesis.[@bib57] The robust regenerative response of the liver is matched by an equally robust termination of this response, once the organ has regained the original mass (*i.e.*, the "hepatostat")[@bib60]; this process is again mediated in part by remodelling of the ECM to facilitate terminal differentiation of the new liver cells and to complete the building of the ultrastructure.[@bib57] Hepatic regeneration has been studied for several decades and the hepatic ECM is under extensive investigation for the purposes of regenerative medicine and liver tissue engineering.[@bib64] Our current understanding of the role of the ECM in liver regeneration is built upon both hypothesis-driven experiments, as well as "omic" approaches that have profiled changes in gene expression or global protein abundance.[@bib61], [@bib62], [@bib63] Future analyses of this unique process using proteomic strategies specifically aimed at profiling ECM proteins (see below) would likely be highly informative.

Disruption of the architecture and composition of the liver ECM in diseases {#sec3.2}
---------------------------------------------------------------------------

As mentioned, in some areas of research (*e.g.*, subcutaneous wound healing), the global changes to the ECM in response to acute injury are well-understood.[@bib16] In contrast, research on the hepatic ECM in the context of liver disease has been largely 'collagenocentric' and 'fibrosocentric,' or primarily focused on the role of the collagen ECM during fibrogenesis[@bib65]^,^[@bib66] ([Fig. 1](#fig1){ref-type="fig"}). However, it is well-known that there are multiple ECMs that change qualitatively and quantitatively during hepatic fibrosis,[@bib32]^,^[@bib33] and these changes are not solely relegated to fibrosis.

Although a critical foundation of scientific understanding, hypothesis-driven science has philosophical and technical limitations.[@bib67]^,^[@bib68] First, reductionist approaches assume that the behaviour of individual components does not change when incorporated into the system as a whole. This assumption has already been criticised for studying the ECM, as many of these components are interlinked and function as a group.[@bib4] Moreover, hypothesis-driven research, by definition, precludes discovery-based experiments, as they rely on an *a priori* understanding of the expected results. In contrast, agnostic, data-intensive, approaches are often criticised as unfocused or 'fishing' exhibitions that may lead to false positive results. However, "omic" approaches, coupled with hypothesis-driven step-wise informatics analyses (*i.e.*, iterative data-intensive studies) can overcome these concerns and yield new information and ideas.[@bib67]

Proteomic profiling of the hepatic matrisome {#sec4}
============================================

Despite technical challenges linked to studying highly glycosylated and cross-linked biomolecules ,[@bib2] over the past decade mass spectrometry-based approaches have been developed to characterise the protein composition of the ECM of tissues (reviewed in[@bib36]^,^[@bib69], [@bib70], [@bib71]). In brief, these approaches exploit the fact that ECM proteins are relatively insoluble compared to most intracellular proteins, and thus can be enriched by incubating tissue samples in buffers that deplete non-ECM proteins (*i.e.*, decellularisation). ECM proteins obtained from tissues can then be digested into peptides whose sequences can be inferred by mass spectrometry analysis.[@bib36]^,^[@bib69]^,^[@bib72]^,^[@bib73] Of note, which ECM proteins and how many of them are identified in a proteomic screen depend on several variables, including the stringency of the decellularisation approach, the method used to digest proteins into peptides (*e.g.* enzymatic *vs.* non-enzymatic), the extent of protein or peptide fractionation, and the mass spectrometry acquisition parameters (*e.g.* length of the liquid chromatography gradient). For example, decellularisation buffers containing higher concentrations of detergents risk extracting some ECM-associated proteins. Although it is beyond the scope of this review to discuss these points here, we invite our readers to refer to a recent review for more information.[@bib69]

The liver matrisome is composed of 150+ distinct ECM and ECM-associated proteins {#sec4.1}
--------------------------------------------------------------------------------

In a previous study focused on primary colorectal cancers and their hepatic metastases, we reported the in-depth characterisation of the ECM of human liver samples from healthy individuals and showed that it is composed of over 150 distinct ECM proteins,[@bib74] a number higher than anyone could have predicted. In this section, we review this first draft of the healthy human liver matrisome and discuss how the proteins composing it can further be classified into different categories, which can shed light on their potential roles in liver physiology.[@bib2]^,^[@bib75] These first drafts of the healthy human and murine liver matrisomes provide a reference for studies that aim to identify changes in the ECM composition accompanying the aetiology of liver diseases (see below).

### Core matrisome proteins of the liver {#sec4.1.1}

#### Components of the basement membrane {#sec4.1.1.1}

The basement membrane "toolkit" is the ensemble of 40 proteins that can assemble to form a functional basement membrane. It comprises the ECM glycoproteins laminins, nidogens, agrin, hemicentin, nidogens, nephronectin, papilin and netrins, type IV and type VI collagens, and the proteoglycan perlecan.[@bib53]^,^[@bib76] Proteomic analysis of the ECM of healthy human liver has identified 21 of these proteins ([Table 1](#tbl1){ref-type="table"}) including 7 laminin chains that can assemble to form heterotrimeric laminins α2β1γ1, α2β2γ1, α4β1γ1, α4β2γ1, and α5β1γ1,[@bib77] agrin, nephronectin, nidogen 1, papilin, and perlecan ([Table 1](#tbl1){ref-type="table"}). Mass spectrometry also identified 5 collagen IV chains, which are network-forming collagen chains that form heterotrimers comprising either the α1(IV), α2(IV), α3(IV) chains, the α3(IV), α4(IV), α5(IV) chains, or the α5(IV)~2~, α6 (IV) chains,[@bib78]^,^[@bib79] although the α5(IV) chain was not detected. Last, mass spectrometry identified 4 collagen VI chains forming heterotrimers comprising either the α1(VI), α2(VI), α3(VI) chains or the α1(VI), α2(VI), α6(VI) chains.[@bib80]Table 1List of basement membrane proteins identified by mass spectrometry in healthy human liver samples.ECM glycoproteinsCollagensProteoglycanLaminin α chains:\
α1, α2, α4Collagen IV chains:\
4α1, 4α2, 4α3, 4α4, 4α6Perlecan (HSPG2)Laminin β chains:\
β1, β2, β3Collagen VI chains:\
6α1, 6α2, 6α3, 6α6Laminin γ1Agrin (AGRN)Nidogen-1 (NID1)Nephronectin (NPNT)Papilin (PAPLN)[^1]

#### Collagens {#sec4.1.1.2}

The human genome encodes 44 collagen genes that are further classified based on their structures and supramolecular assembly types.[@bib79] In addition to the 9 chains of network-forming basement membrane collagens, 23 other collagen chains were detected, including the fibril-forming collagens α1(I), α2(I), α1(III), α1(V), α2(V), α1(XXVII); the fibril-associated collagens with interrupted triple helices (FACIT) α2(IX), α3(IX), α1(XII), α1(XIV), α1(XVI), α1(XIX), α1(XXI), α1(XXII); the network-forming collagens α1(VIII), α2(VIII), α1(X); collagen α1(VII); the multiplexins collagens α1(XV) and α1(XVIII), and the transmembrane collagens α1(XIII) and α1(XXV) ([Box 1](#box1){ref-type="table"}). These proteins were found in vastly different quantities with fibrillar collagens being the most abundant and FACITs being detected in lower abundance[@bib74] ([Fig. 3](#fig3){ref-type="fig"}).Box 1List of matrisome-associated proteins identified by mass spectrometry in healthy human liver samples. (Adapted from Naba *et al.*, *BMCCancer*, 2014[@bib74]). ECM, extracellular matrix.Fig. 3List of collagens identified by mass spectrometry in healthy human liver samples.Spectral count is an indication of the relative protein abundance. *Adapted from*.[@bib74]

#### ECM glycoproteins {#sec4.1.1.3}

In [Fig. 4](#fig4){ref-type="fig"}, we present the list of 44 ECM glycoproteins that were identified in our study and that we further classified based on their structure or functions. Among the most abundant proteins detected (based on the spectral count, a semi-quantitative measure of protein abundance) are those synthesised in the liver, including fibrinogens (that play a role in haemostasis) and fibronectin. We also detected a large number of proteins associated with the formation of elastic fibres,[@bib81] the matricellular proteins[@bib82] periostin, the tenascins C and X and WISP2, and TGFβ-binding ECM proteins including fibrillin-1, and the latent TGFβ-binding proteins 1, 2 and 4.[@bib83] Interestingly, recent work by Fan *et al.*[@bib84] has shown that the protein glycoprotein ECM1 restricts activation of TGFβ during fibrogenesis in mice. Periostin has also been shown to participate in the aetiology of intrahepatic cholangiocarcinoma[@bib85] and hepatic fibrogenesis.[@bib86]Fig. 4List of ECM glycoproteins identified by mass spectrometry in healthy human liver samples.Spectral count is an indication of the relative protein abundance. *Adapted from*.[@bib74] ECM, extracellular matrix.

#### Proteoglycans {#sec4.1.1.4}

As it is with collagens and glycoproteins, proteoglycans can be further categorised based on their structural properties.[@bib87] Six of the 11 proteoglycans detected by mass spectrometry (asporin, biglycan, decorin, lumican, mimecan and prolargin) belong to the family of small leucine-rich repeat proteoglycans (or SLRPs) that are characterised by the presence of leucine-rich repeats in the protein core of these components, 1, versican, belongs to the hyalectan family and 3 are understudied proteins: proteoglycan 2, proteoglycan 3, and proteoglycan 4 (or lubricin). Interestingly, it has recently been proposed that certain proteoglycans could serve as biomarkers and potential therapeutic targets in hepatocellular carcinoma (HCC).[@bib88]

### Matrisome-associated proteins of the liver {#sec4.1.2}

In addition to the core matrisome components, *i.e.* proteins forming the architecture of the liver ECM,[@bib1]^,^[@bib2] we have previously proposed including other proteins that can be found within ECMs in the definition of the matrisome. Among these are proteins that are structurally related to ECM proteins (termed "ECM-affiliated proteins"), ECM-remodelling enzymes and their regulators (termed "ECM regulators"), as well as other secreted proteins that can bind to the ECM including growth factors (termed "secreted factors").[@bib2]^,^[@bib3]^,^[@bib75] We have compiled in [Box 1](#box1){ref-type="table"}, the 15 ECM-affiliated proteins, 46 ECM regulators, including a large number of proteases (cathepsins and matrix metalloproteinases) and crosslinking enzymes (transglutaminase 2 and lysyl oxidase like 1), and 21 secreted factors found in our previous study.[@bib74]

Since murine models are broadly used to study liver development, diseases and regeneration, recent proteomic studies have focused on the characterisation of the matrisome of healthy murine liver samples. Krasny and collaborators compared side-by-side different ECM decellularisation and solubilisation strategies and identified a total of 40 matrisome proteins in mouse liver samples,[@bib89] of which 30 were also discovered in healthy human liver samples. Goddard and collaborators reported the identification of 35 matrisome proteins using a global proteomic approach on the ECM of normal rat livers,[@bib90] apart from the ECM-affiliated protein PlexinA2, all of these proteins were also detected in healthy human liver samples. Furthermore, Goddard and collaborators also employed a technology known as QConCAT for Quantitative conCATamers synthetically made of the assembly of peptides of interest that are released upon enzymatic digestion,[@bib91] to specifically measure the abundance of 57 selected ECM proteins in rat liver samples.[@bib90] This study identified collagens I and VI as well as fibronectin, thrombospondin 1 and transglutaminase 2 as the most abundant proteins of the 57 quantified in the rat liver, mirroring the data obtained on human liver samples. Of note, differences in the number of matrisome proteins detected in different studies can be partly attributed to the depth of the analyses performed (*e.g.* extent of peptide fractionation, length of the liquid chromatography gradient, dynamic exclusion of highly abundant peptides during the mass spectrometry scan).

Changes in the composition of the ECM during liver fibrosis identified using proteomics {#sec4.2}
---------------------------------------------------------------------------------------

Similar to other organs, the acute phase response in the liver involves several of the ECM proteins found in subcutaneous wound healing.[@bib92], [@bib93], [@bib94] Using proteomics on ECM-enriched/decellularised samples, we demonstrated that the hepatic matrisome changes robustly in response to acute injury (*e.g.*, acute lipopolysaccharide), even under conditions in which the ECM appears histologically unchanged[@bib65] ([Fig. 5](#fig5){ref-type="fig"}A). These sub-histologic transitional changes to the matrisome appear to resolve after acute injury.[@bib65]^,^[@bib95] With chronic injury (alcohol exposure), we showed that the transitional matrisome is replaced by collagenous scarring in the liver, which is again in line with subcutaneous wound healing.[@bib16] Improvements in referral practices and non-invasive tests have increased the rate of early detection of asymptomatic chronic liver diseases.[@bib96] This paradigm change has created the opportunity for mechanism-based therapies to halt disease progression during earlier (*i.e.*, pre-fibrotic) phases of the disease progression.Fig. 5Proteomic profiling of the matrisome in different models of liver fibrosis.(A) Changes in the liver ECM in mouse models in response to acute (LPS injection) or chronic (ethanol exposure) stress.[@bib65] (B) HCV-induced fibrosis in human patients.[@bib97] (C) CCl~4~- or DDC-induced fibrosis in mouse models.[@bib98] (D) Transgenic mouse models of hepatic fibrosis and cancers.[@bib104] ECM proteins detected in higher abundance between conditions are indicated in dark blue, those detected in lower abundance between conditions are indicated in light blue. CCl~4~, carbon tetrachloride; DDC, diethoxycarbonyl dihydrocollidine; ECM, extracellular matrix; LPS, lipopolysaccharide.

Proteomics was also recently employed to study changes in the hepatic matrisome during fibrosis. In a 2016 study, Baiocchini and collaborators employed proteomics to characterise the ECM composition of fibrotic liver samples obtained from 57 HCV-infected patients.[@bib97] They profiled the ECM of decellularised liver samples at different stages of fibrosis: the F1 stage, characterised by portal fibrosis without septa (13 patients), the F2 stage by portal fibrosis with few septa (19 patients), the F3 by numerous septa without cirrhosis (14 patients), and the F4 stage characterised by cirrhosis (10 patients). The study revealed that the abundance of certain core matrisome and matrisome-associated proteins varies between fibrotic stages ([Fig. 5](#fig5){ref-type="fig"}B). Interestingly, they also showed that the abundance of the fibrillar collagens I and III increased between F1 and F2, and F2 and F3, but decreased in cirrhotic samples (stage F4). In another 2016 study, Klaas and collaborators aimed to determine the extent to which the ECM composition of the liver changes during fibrosis. To do so, they used ECM-enriched samples from 2 mouse models in which liver fibrosis was induced either by intraperitoneal injection of carbon tetrachloride (CCl~4~) or by feeding mice with a 0.1% diethoxycarbonyl dihydrocollidine (DDC)-supplemented diet for 2 weeks.[@bib98] Importantly, this study demonstrated that the nature of the insult triggering a fibrotic response (CCl~4~ or DDC) induced the production of a different set of ECM components ([Fig. 5](#fig5){ref-type="fig"}C). This is likely because different cell types are recruited and/or activated upon various insults and different signalling pathways are activated downstream of these insults. Interestingly, this study further showed that compositional changes were associated with changes in tissue microarchitecture and elasticity of the liver, 2 parameters that can be used as biomarkers of liver disease progression.[@bib99], [@bib100], [@bib101]

Although fibrosis is characterised by an accumulation of ECM, it has been proposed that the fibrotic ECM is not properly assembled and that ECM components secreted in excess fail to incorporate into an insoluble ECM, and thereby may be subjected to increased turnover.[@bib102] In addition, in pathological contexts, ECM proteins may be subjected to degradation or crosslinking, which also impact protein solubility and subsequently ECM-mediated cell signalling. Changes in ECM protein solubility can be assessed by analysing protein fractions from tissues using quantitative detergent solubility profiling developed by the Mann lab.[@bib103] In the aforementioned study, we profiled 4 distinct biochemical fractions containing proteins soluble in sodium chloride buffer, in SDS-containing buffer, in guanidine hydrochloride, and the remaining insoluble proteins. Using this approach we showed that in addition of changes in the ECM composition, changes in ECM protein solubility occurred upon acute or chronic stress.[@bib65]

Changes in the composition of the ECM accompany HCC progression {#sec4.3}
---------------------------------------------------------------

ECM deposition is also a hallmark of cancers.[@bib14] Lai and colleagues used global proteomics to compare changes in the core matrisome composition occurring over time in 2 transgenic mouse models of liver cancers[@bib104]: a first model in which the human PDGF-C is expressed in a liver-specific manner by the albumin promoter and which results in the development of fibrosis, steatosis and HCC[@bib105]; and a second model in which *Pten* is deleted specifically from hepatocytes (*Pten*^*fl/fl*^; *Alb-Cre*), which results in the development of steatosis, followed by HCC and cholangiocarcioma.[@bib106] In their analysis, the authors exclusively focused on core matrisome components, specifically collagens and ECM glycoproteins of the basement membrane, and on those components detected in higher abundance between healthy and fibrotic tissues and between fibrotic tissues and tumour samples. Interestingly, they reported that the majority of changes occurred in both models, with only 1 differing basement-membrane component between the 2 systems: the laminin β1 chain being detected in higher abundance in HCC arising in the PDGF-C model and the laminin β3 chain detected in higher abundance in the HCC arising in the *Pten* model ([Fig. 5](#fig5){ref-type="fig"}D). This suggests that different laminin trimers may be assembled in different contexts, however, of note, none of the chains capable of assembling with the β3 chain (namely the α3A or α3B chains) were reported in the study. In addition to interrogating the ECM protein composition of HCCs, this study also reported the profiling of the complement of ECM receptors (CD44, integrins) detected in the different samples, which hints at the signalling pathways activated in different contexts ([Fig. 5](#fig5){ref-type="fig"}D). In line with these observations, Mazza *et al.*[@bib107] demonstrated in a recent study that the cirrhotic ECM may differentially favour key steps of hepatocarcinogenesis (*e.g.*, epithelial to mesenchymal transitions), which may explain why HCC almost exclusively occurs on the background of cirrhosis.

Changes in the hepatic ECM upon metastatic seeding {#sec4.4}
--------------------------------------------------

Over 130 years ago, Paget proposed the "seed and soil" hypothesis of cancer metastasis.[@bib108] He proposed that the propensity of metastases to "home" to specific organs is regulated by interaction and cooperation between the metastatic cells (seed) and the target organ microenvironment (soil).[@bib108] The content and metabolism of the ECM is key in mediating both intravasation and escape of the metastasis from the primary tumour, as well as extravasation, growth, and invasion at the site of metastasis.

The liver is one of the preferred sites of metastasis of multiple cancer types.[@bib109]^,^[@bib110] As mentioned, the impact of the ECM on liver diseases has historically focused on fibrotic changes. Although primary liver cancer (HCC) occurs almost exclusively on the background of fibrosis/cirrhosis, no such association has been shown in the context of metastasis to the liver.[@bib111] Steatosis/steatohepatitis is commonly found during resection surgery for metastases to the liver, but these changes are often attributed to chemotherapy-induced fatty liver injury.[@bib112]^,^[@bib113] However, some studies have indicated that earlier stages of chronic liver diseases (*e.g.*, NAFLD) are associated with a higher incidence of metastases to the liver, regardless of chemotherapeutic regimen.[@bib111]^,^[@bib114] Several hypotheses have been proposed to explain why the liver is such a supportive environment for metastatic seeding and outgrowth, one of which is the presence of a hospitable and tuneable ECM.[@bib74] Recently, proteomics has been employed to determine the extent of the remodelling of the hepatic matrisome upon metastatic seeding of colorectal tumour cells[@bib74] or mammary tumour cells.[@bib115] Given the novel recognition that the hepatic matrisome responds much more dynamically to liver injury than previously appreciated, these changes may increase the fertility of the hepatic "soil" for metastases. Some studies have been performed to computationally predict these possibilities,[@bib116]^,^[@bib117] but a deeper understanding of this potential interaction is needed.

Integrating proteomic data on the liver ECM into MatrisomeDB {#sec4.5}
------------------------------------------------------------

The development of proteomic approaches to characterise the matrisome of tissues has made it possible to catalogue ECM components and changes in their abundance and solubility across various states. However, this is only the first step towards understanding the specific roles of each ECM component in driving disease progression. Thanks to the efforts of the scientific community, raw mass spectrometry data are usually publicly available via repositories such as ProteomeXchange[@bib118] or PRIDE.[@bib119] To assist with that effort, we have developed a searchable database, MatrisomeDB (<http://www.pepchem.org/matrisomedb>), that integrates proteomic data on the ECM of tissues.[@bib120] In its latest release, and of interest to our readers, we have included 4 datasets on the liver ECM for which mass spectrometry data were publicly available.[@bib65]^,^[@bib74]^,^[@bib97]^,^[@bib98] Multiple parameters can be used to interrogate MatrisomeDB including one or multiple matrisome categories, species, or tissue types, or, more specifically, a particular gene or gene signature.[@bib120] MatrisomeDB query output include heatmaps indicative of relative protein abundance across tissues as well as detailed lists of detected proteins.

To illustrate how MatrisomeDB can be used to further our understanding of the roles of the ECM in liver diseases, we interrogated MatrisomeDB by selecting "Liver" and "Liver fibrosis" in the "Tissues" option box and "Human" in the "Species" option box (for more information on how to use MatrisomeDB, please refer to our online tutorial). This search returns a heatmap where the colour intensity reflects the confidence with which each protein is detected and which correlates to a certain extent with protein abundance ([Fig. 6](#fig6){ref-type="fig"}A). A more focused search can be performed by, for example, selecting "ECM Glycoproteins" in the "Matrisome Categories" option box. This search retrieves a confidence-score-based heatmap of all ECM glycoproteins detected in normal liver and fibrotic liver samples ([Fig. 6](#fig6){ref-type="fig"}B). If users wish to obtain detailed information on a given protein, they can further select it from the list found under the heatmaps. In particular, by clicking on the entries listed under the "Protein description" column, users can access a peptide coverage map depicting the actual peptides found in any given samples for a given protein.[@bib74] For illustrative purposes, we selected periostin (POSTN), an ECM glycoprotein that has been shown to play a role in the aetiology of liver fibrosis.[@bib86] The highlighted sequences of the coverage map correspond to the identified peptides in a particular sample and the colour code indicates the frequency with which each peptide was detected ([Fig. 6](#fig6){ref-type="fig"}C). Last, we indicated the presence, if detected experimentally, of any of the following post-translational modifications on the coverage map: lysine and proline hydroxylations; phosphorylation of serine, threonine, and tyrosine, and arginine citrullination, all of which play significant roles in the proper folding and function of ECM proteins. Here, isoform 3 of periostin (UniProt identifier: Q15063-3) was detected with 17 peptides in healthy human liver samples, covering 34% of the overall periostin sequence. In addition, 3 prolines (prolines 81, 93, and 97) were found to be hydroxylated ([Fig. 6](#fig6){ref-type="fig"}C).Fig. 6Interrogating MatrisomeDB to study the ECM of the liver.(A) Confidence-score-based heatmap generated upon selecting "Liver" and "Liver fibrosis" in the "Tissues" option box and "Human" in the "Species" option box in MatrisomeDB. Results show the tissue distribution all matrisome components detected. The colour code indicates the confidence score from high (dark blue) to low (light yellow). Clicking on the heatmap will open a detailed heatmap and a link to download the data in .csv format. (B) Confidence-score-based heatmap generated upon selecting "ECM Glycoproteins" in the "Categories" option box; "Liver" and "Liver fibrosis" in the "Tissue" option box and "Human" in the "Species" option box in MatrisomeDB. Results show the tissue distribution of all ECM glycoproteins detected. The colour code indicates the confidence score from high (dark blue) to low (light yellow). Clicking on the heatmap will open a detailed heatmap and a link to download the data in .csv format. (C) The peptide coverage map of POSTN in the normal human liver dataset.[@bib74] The colour code indicates the peptide-spectrum match frequency from high (dark blue) to low (light blue). Percent coverage and selected post-translational modifications detected are also indicated. ECM, extracellular matrix; POSTN, periostin.

Biomarker discovery opportunities {#sec5}
=================================

Chronic liver diseases are often clinically silent until very late stages, when the organ starts to decompensate. This is an especially important clinical need, as the potential reversibility of the disease decreases as disease severity progresses. There are various imaging (*e.g.*, transient elastography) and scoring (*e.g.*, FIB-4) approaches that have good negative predictive values (NPV; *i.e.*, low false negative rate), but do not have such good positive predictive values (PPV; *i.e.*, relatively high false positive rate) (*e.g.*,[@bib121]). The end result is that although these approaches are good at predicting who is not at risk for severe liver disease, they do not accurately stratify inter-individual risk in the "at risk" group, limiting their ability to define cost-effective interventions.

As mentioned, the key feature of fibrogenesis is increased *de novo* synthesis of collagens. By extension, changes in biomarkers of collagen synthesis/deposition may serve as predictors of liver disease severity. For example, the precursor of Type III collagen (PRO-C3) has been identified to have areas under the receiver operating characteristics curve (AUROC) values for predicting liver disease severity that are superior to imaging and/or scoring approaches; the improved AUROCs were largely driven by better PPVs compared to the imaging and scoring approaches.[@bib122]^,^[@bib123]

Another possible source of new biomarkers is based on indices of ECM turnover. Even in cases where there is a net increase in ECM in the liver (*e.g.*, fibrosis) overall turnover is also increased.[@bib124] The peptidome is defined as the population of low molecular weight biologic peptides (0.5--3 kDa), within the cells and biologic fluids. The study of the peptidome (*i.e.*, 'peptidomics') is a discipline related to proteomics, but with significant methodological and analytical differences.[@bib125], [@bib126], [@bib127] The peptidome also contains fragments of proteins degraded by normal and/or abnormal processes (*i.e.*, 'degradome').[@bib128]^,^[@bib129] The latter subset of the peptidome has generated key interest in some areas of human health as possible (surrogate) biomarkers for disease. Degradomic analysis of cancer metastasis, and by extension overall patient outcome, has garnished significant interest.[@bib127]^,^[@bib130]^,^[@bib131] The rationale is that metastasis and tumour growth require significant remodelling of the normal and cancerous interstitial space, which can lead to alterations in the degradome profile in biological fluids. Similar approaches are beginning to be applied for liver diseases. For example, the peptidome has been shown to predict liver disease severity and outcome in HBV infection.[@bib132] Interestingly, increased enzymatic activity can be exploited to design novel diagnostic approaches. In a 2013 study, Kwong and collaborators reported the design of mass-encoded synthetic MMP and cathepsin substrates that, upon cleavage, release biomarkers detectable during a simple urine test.[@bib133] Using this technology in a mouse model of liver fibrosis, they further showed that these agents can non-invasively monitor liver fibrosis progression and resolution.[@bib133]

Future directions and conclusions {#sec6}
=================================

The studies presented in this review highlight how mass spectrometry-based proteomics has emerged as a powerful method to characterise the hepatic ECM and have revealed a much more complex protein landscape than anyone had anticipated. However, because of the destructive nature of the solubilisation methods employed, and because, so far, matrisome studies have been conducted on whole tissues, the information regarding locoregional specification are lost; yet this information is of paramount importance to fully understand the roles of the hepatic ECM in liver diseases. Hence, proteomic studies should be complemented by methods that permit the visualisation of the expression pattern of ECM proteins detected by mass spectrometry[@bib134]^,^[@bib135] and by methods that can shed light on the mechanical properties of the ECM, since they are intrinsically linked with ECM and organ functions.

Another area of investigation that remains poorly understood is the regulation of post-translational modifications of ECM proteins. These modifications regulate the formation of polymeric, helical structures and cross-linked complexes associated with several fibrillar proteins. For example, prolyl 4-hydroxylases catalyse the hydroxylation of proline residues and their main substrates are collagens, since hydroxyprolines have been shown to stabilise collagen triple helices.[@bib136] Recent studies indicate that lysyl oxidases and transglutaminases also contribute to ECM crosslinking.[@bib137]^,^[@bib138] Although these events are important for stabilising proteins and preventing their degradation under normal conditions, their activation may contribute to excessive ECM accumulation in response to injury (*e.g.*, fibrosis).[@bib137] Furthermore, although fibrosis is potentially reversible, highly crosslinked ECM may be resistant to resolution.[@bib139]^,^[@bib140] Crosslinking of the ECM may be altered via non-enzymatic means[@bib141], [@bib142], [@bib143]; for example the formation of advanced glycation end-products during diabetes is hypothesised to contribute to ECM crosslinking and increased ECM 'aging'.[@bib144] As recently reported for lung fibrosis,[@bib145] it would be interesting to see mass spectrometry-based methods applied to study these PTMs in the context of liver diseases.

Last, and despite significant efforts from the scientific community,[@bib146]^,^[@bib147] recapitulating cell culture conditions capable of faithfully modelling liver pathophysiology and supporting robust drug testing *in vitro* remains challenging. We thus propose that the comprehensive and quantitative characterisation of the hepatic matrisome can provide a novel basis for the design of more relevant *in vitro* systems to study liver diseases.
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[^1]: (Adapted from Naba *et al., BMC Cancer,* 2014[@bib74]). ECM, extracellular matrix.
